In a genetic screen for mutations affecting organogenesis in the medaka, Oryzias latipes, we identified eight mutants with defects in embryonic hematopoiesis. These mutations were classified into seven complementation groups. In this paper, we characterize the five mutants that were confirmed in the next generation. The beni fuji mutant was defective in the generation of blood cells, exhibiting reduced blood cells at the initiation of circulation. Mutations in two genes, lady finger and ryogyoku, caused abnormal morphology of blood cells, i.e., deformation, along with a progressive decrease in the number of blood cells. The sekirei mutant exhibited photosensitivity with autofluorescent blood cells. Mutations in kyoho resulted in huge blood cells that were approximately three times longer than the wild-type blood cells. The spectrum of phenotypes identified in this study is similar to that of the zebrafish hematopoietic mutants except for the huge blood cells in kyoho. Our results demonstrate that medaka, as well as zebrafish, is a useful model to study hematopoiesis. q
Introduction
Hematopoiesis in the vertebrate is characterized by the induction of the ventral mesoderm to form hematopoietic stem cells and the eventual differentiation of these progenitors to form the lineages of the peripheral blood cells. In teleosts, such as medaka and zebrafish, embryonic hematopoiesis is initiated in the intermediate cell mass (ICM), a region of the trunk ventral to the notochord, rather than in the yolk sac, which is the location in most other vertebrates. The ICM is similar to the yolk sac hematopoietic tissue of higher vertebrates, since many hematopoietic transcription factors, including GATA-1 and GATA-2, are expressed in both the ICM of teleosts and the yolk sac of higher vertebrates (Detrich et al., 1995) . The embryonic blood cells in teleosts are nucleated as are those in mammals, whereas the adult erythrocytes of teleosts are also nucleated, unlike the anucleated erythrocytes in mammals (Cohen et al., 1990) .
Early developmental pathways such as hematopoiesis are inaccessible to mouse genetics, because of the intrauterine growth of the embryo and the small litter size. The medaka, Oryzias latipes, and zebrafish are suitable to study hematopoietic development by means of genetics, because they are highly fecund and their embryos are relatively transparent and develop externally. Therefore, we performed genetic screen for mutations affecting organogenesis and fin regeneration in the medaka (unpublished results; see also Section 4) and identified eight mutants with defects in embryonic hematopoiesis.
In this paper, we characterize the following five hematopoietic mutants: beni fuji (bef), lady finger (ldf), ryogyoku (ryo), sekirei (skr), and kyoho (kyo). (These mutants are named after various varieties of Japanese grapes.) Most of these mutants were phenotypically similar or related to the hematopoietic mutants in zebrafish (Ransom et al., 1996; Weinstein et al., 1996) . However, the kyo mutant displayed huge blood cells, a phenotype that has not been identified in zebrafish.
Results
We first examined the normal development of embryonic blood cells in the medaka. Circulation of blood cells begins at the 18-to 19-somite stage (50 hours post fertilization, hpf). Initially, the shape of erythrocytes is spherical and the nucleus occupies the greater part of the cell (Fig. 1A ,B,E,F). At 9 days post fertilization (dpf), the blood cells begin to elongate (Fig. 1C,D) , and by 12 dpf they obtain a mature elliptical morphology with an elongated nucleus (Fig. 1G,H) .
We isolated eight hematopoietic mutants by chemical mutagenesis and screening for mutations affecting organogenesis (unpublished results; see also Section 4). Complementation crosses classified the mutations into seven groups, and five of the mutations, which had been confirmed in the F 3 generation, were studied further. Based on their phenotypes, these hematopoietic mutants were categorized into four groups: (1) a mutant defective in the generation of blood cells, (2) mutants exhibiting hypochromic anemia, (3) a photosensitive mutant, and (4) a mutant with huge blood cells ( Table 1) .
The bef mutant exhibited a reduced number of blood cells with normal morphology at the initiation of circulation ( Fig. 2A -C ,E -G). The morphology and functioning of the cardiovascular system were apparently normal, suggesting that only the production of the blood cells was affected. Staining with o-dianisidine indicated that the bef mutants had a strongly reduced hemoglobin expression (Fig. 2D,H) .
Although the bef homozygotes were able to hatch normally, they eventually died within 2 weeks.
Mutations in two other genes, ldf and ryo, caused a hypochromic anemia phenotype. In a previous screening we have identified another mutation, whiteout (who), that displayed a similar phenotype (Sakamoto et al., 2004) . Complementation tests showed that ldf and ryo were loci different from who. Although these mutants initially had a normal number of blood cells, the blood cells were hypochromic, and their number gradually decreased as embryogenesis proceeded. Blood cells in the ldf mutant embryos displayed an elliptic and occasionally curved morphology (Fig. 3A ,B,D,E). Staining with o-dianisidine revealed that hemoglobin activity was completely absent in this mutant (Fig. 3G,H) . We then examined expression of an embryonic a-globin gene, em.a-0, by whole-mount in situ hybridization. As a result, we found that the em.a-0 expression was not affected in the ldf mutant embryos at 48 hpf (data not shown), suggesting that the heme synthesis, rather than the globin synthesis, is impaired in this mutant. The other mutant, ryo, displayed a less prominent phenotype than ldf. Some of the blood cells in the ryo mutant also exhibited an elongated and curved morphology, although the rest of them showed the normal morphology (Fig. 3C,F ). In addition, the ryo mutant exhibited a reduced hemoglobin expression (Fig. 3I) .
The skr mutant was photosensitive and had autofluorescent blood cells. When raised in the light, these mutant embryos did not survive beyond 4 dpf. Blood cells isolated from this mutant were easily lysed, as observed under the microscope (Fig. 4A,B) . When the embryos were exposed to strong illumination, their blood cells lysed within seconds, which was followed by cardiac arrest. When raised in darkness, the skr mutants initially had a relatively normal number of blood cells, but eventually they died around the hatching period. In addition, the gallbladder of the skr mutant was discolored to brown rather than normal yellowish green (data not shown). Giemsa staining revealed that skr mutants had an increased number of binucleated blood cells (Fig. 4C,D) . Although hemoglobin expression is slightly reduced (Fig. 4E,F) , expression of the em.a-0 gene was not affected (data not shown). Noticeably, the blood cells of the skr mutant exhibited a strong autofluorescence under UV light (Fig. 4G,H) .
The kyo mutant contained huge blood cells with a wrinkled surface (Fig. 5A -D) . This phenotype was apparent when the circulation of the blood cells was initiated. The major axis length of the blood cells was 24^5 mm in the kyo mutant embryos, in contrast to 7^1 mm in the wild-type embryos. Although it was hard to estimate volume of the blood cells of the kyo mutant embryos because shape of them was highly variable, these blood cells were apparently at least five times as large as the wild-type blood cells. The number of the blood cells was reduced at the initiation of circulation, and the anemia phenotype became stronger as embryogenesis proceeded. Staining with o-dianisidine showed that the peroxidase activity was relatively normal, suggesting that hemoglobin synthesis was not impaired in this mutant ( Fig. 5E -H ). Since we were unable to visualize clearly the nuclei of the kyo mutant blood cells by Wright-Giemsa staining (Fig. 5D ), The who mutant has been identified in a previous screen (Sakamoto et al., 2004) . we stained them with propidium iodide. As a result, we found that the mutant blood cells had a single large nucleus and were not multinucleate (Fig. 5K,L) . These mutant embryos died before hatching, probably because the huge blood cells make thrombi in the heart and/or blood vessels.
Discussion
As part of a genetic screen in the teleost medaka, we identified eight mutants with defective hematopoiesis. These mutations were classified into seven groups by complementation crosses. Furthermore, the mutants were grouped into four categories based on their phenotypes (Table 1) .
The bef mutant displayed a reduced number of blood cells with a normal morphology at the initiation of circulation (Fig. 2) . Consistently, hemoglobin expression was strongly reduced in this mutant. These phenotypes suggest that the bef mutant might be defective either in the generation, proliferation, or differentiation of hematopoietic stem cells. Analysis of molecular markers expressed in their hematopoietic stem cells should reveal in what way these cells were affected by this mutation.
We previously characterized a hypochromic anemia mutant, who, which exhibited elliptical blood cells with little hemoglobin activity. A line of evidence suggested that who encodes d-aminolevulinic acid dehydratase (ALAD), the second enzyme in the heme synthesis pathway (Sakamoto et al., 2004) . Heme is synthesized by the sequential actions of eight enzymes. Four of the reactions occur in the cytosol, whereas the other four take place in the mitochondrion. Mutations in the human genes encoding these enzymes cause either congenital sideroblastic anemia or porphyria. The ldf mutant exhibited elliptical blood cells with little hemoglobin activity, and it was phenotypically similar to the who mutant. Since the ldf mutant showed no photosensitivity, the ldf gene might encode an enzyme in the earlier steps of heme synthesis (see below). The ryo mutant also displayed similar phenotypes as the who and ldf mutants, although part of the blood cells in this mutant exhibited the normal morphology (Fig. 3C,F) . The ryo might represent a hypomorphic allele of a gene encoding an enzyme in the heme synthesis pathway. Alternatively, the ryo gene might be essential for full expression of a gene in this pathway.
The skr mutant showed photosensitivity and had autofluorescent blood cells (Fig. 5) . A similar phenotype was observed in the zebrafish mutants yquem, dracula, desmodius, and freixenet (Ransom et al., 1996; Weinstein et al., 1996) . The yquem and dracula were found to encode the fifth and eighth enzymes, respectively, in the pathway for heme synthesis (Childs et al., 2000; Wang et al., 1998) . In the human porphyrias that are defective in the fourth to eighth enzymes in the heme synthesis pathway, skin photosensitivity is observed. Photosensitivity of the skr mutant suggests that skr may encode an enzyme in the later steps of this pathway. Thus, ldf and skr mutants may represent good models for the human porphyrias.
The kyo mutant contained huge blood cells with a single large nucleus (Fig. 5) . In the human disease megaloblastic anemia, huge blood cells are also generated. This disease is generally caused by malabsorption of vitamin B 12 or folate. Without enough vitamin B 12 or folate, the blood cells cannot synthesize DNA fast enough to keep up with the growth of their cytoplasm, resulting in the megaloblastic anemia phenotype. The rare autosomal recessive disorder known as megaloblastic anemia 1 (MGA1) is caused by homozygous mutations in the cubilin gene (CUBN), which encodes a receptor for the intrinsic factor -vitamin B 12 complex (Aminoff et al., 1999) . Recently, mutations affecting exons 1 -4 of the amnionless gene (AMN) were shown to lead to selective malabsorption of vitamin B 12 , and to cause MGA1 (Tanner et al., 2003) . By analogy, the kyo mutant might be defective in the absorption of vitamin B 12 or folate.
Most of the hematopoietic mutants identified in this study, as well as those in zebrafish, represent good models for human blood diseases. These mutants should be useful to increase our understanding of the pathogenesis of human hematopoietic diseases and to allow us to discover chemical agents that might prevent or improve the symptoms of such diseases. Genetic mapping and cloning of the genes responsible for the hematopoietic defects are in progress, and the results obtained from these efforts will contribute to our understanding of the pathways and molecules involved in blood cell development. Four of the five mutants characterized in this study are phenotypically similar or related to the hematopoietic mutants found in zebrafish. However, the kyo mutant displays a unique phenotype that has not been identified in zebrafish. Thus, the medaka is an excellent model system, an alternative to zebrafish, to study embryonic hematopoiesis.
Materials and methods

Fish and genetic procedures
The medaka strain Cab (Loosli et al., 2000) was used for the genetic screen for mutations. Fish were maintained in systems with recirculating water at 26 8C. To collect eggs, we kept a pair of fish in a 0.5-l breeding tank in the system. The obtained clutches were rubbed with paper towels to tear the attachment filaments off the chorion. The cleaned eggs were kept in a solution of 0.65% NaCl, 0.04% KCl, 0.011% CaCl 2 , 0.01% MgSO 4 , 0.01% NaHCO 3 , and 0.0001% methylene blue in small Petri dishes at 28.5 8C.
ENU mutagenesis and screening procedure
ENU mutagenesis was performed according to the standard protocol established for zebrafish (Mullins et al., 1994; Solnica-Krezel et al., 1994; van Eeden et al., 1999) , with modifications. Males were exposed to 2.5 or 3 mM ENU in 0.03% Instant Ocean and 1 mM sodium phosphate buffer at pH 6.5 for 2 h at room temperature. The treatment was repeated once again after 7 days. Three weeks after the second ENU treatment, males were crossed to wild-type females; and the F 1 progeny were raised. A pair of F 1 fish was mated to obtain an F 2 family. For each F 2 family, up to eight pairs were crossed to obtain F 3 progeny. Embryos and larvae were scored under the microscope at three time points, 3, 5 -6, and 9 -10 dpf, for abnormalities in the developing blood cells.
A total of 386 mutagenized genomes were scored to identify 151 mutations affecting organogenesis (unpublished results). Of these, eight mutations were found to specifically affect embryonic hematopoiesis. All the mutations characterized in this paper were recessive and inherited in Mendelian fashion.
o-Dianisidine staining
o-Dianisidine staining was used to detect the distribution of hemoglobin. Dechorionated embryos were stained for 15 min in the dark in a solution of 0.6 mg/ml o-dianisidine, 0.01 M sodium acetate (pH 4.5), 0.64% H 2 O 2 , and 40% (v/v) ethanol. Stained embryos were dehydrated in ethanol and cleared with benzyl benzoate:benzyl alcohol (2:1) solution.
Isolation and histological staining of embryonic blood cells
Blood cells were collected by cutting the tail of dechorionated embryos in phosphate-buffered saline (PBS) containing 1% bovine serum albumin. The collected cells were put on glass slides and fixed in methanol. These slides were then stained for 15 min with 10% Giemsa: methanol solution (nacalai tesque). For propidium iodide staining, collected cells were concentrated by centrifugation at 700 rpm for 3 min and fixed with 50% ethanol in PBS. The fixed cells were subsequently collected by centrifugation and incubated in PBS containing 100 mg/ml propidium iodide.
Whole-mount in situ hybridization
Whole-mount in situ hybridization with digoxygeninlabeled RNA probes was done essentially as described for zebrafish (Thisse et al., 1993) . A medaka embryonic a-globin gene, em.a-0 (Maruyama et al., 2002) , was used as a template to synthesize the probe.
Detection of autofluorescent blood cells
Mutant embryos were examined under ultra violet light using a fluorescence microscope MZ FLIII (Leica).
